Background {#Sec1}
==========

Malaria is a worldwide public health concern that is present in roughly 90 countries, mainly in tropical and subtropical regions \[[@CR1]\]. While *Plasmodium vivax* is the most widely distributed parasite causing malaria, *Plasmodium falciparum* accounts for the most severe forms of the disease \[[@CR2]\]. Although malaria incidence rate is estimated to have decreased by 18% globally between 2010 and 2016, a recent increase in case incidence occurred in the Americas, particularly in the Amazon rainforest \[[@CR1], [@CR3]\].

In order to progress towards malaria control and elimination, it is critical to understand the sources of transmission (the infectious reservoir) and those at risk of infection at the population level \[[@CR4]\]. In this context, the molecular detection of *Plasmodium* infections in endemic areas have confirmed previous finding of high frequencies of malaria infections at densities below the limit of conventional microscopic diagnostics \[[@CR5]--[@CR9]\]. It is particularly relevant as data from systematic reviews have shown that across different geographic areas low-density infections may represent the majority of malaria infections \[[@CR10], [@CR11]\]. Accordingly, a substantial proportion of asymptomatic and submicroscopic malarial infections has been described in peri-urban areas of the Brazilian Amazon \[[@CR12]\]. Many are the implications of these findings as submicroscopic malaria carriers may be able to transmit the *Plasmodium* parasites, acting as reservoirs for malaria \[[@CR13], [@CR14]\]. Beyond the practical value of using molecular tools to identify submicroscopic carriers and mixed-species infections, malaria infections at any density may have significant health and socioeconomic consequences \[[@CR15]\].

Historically, the small subunit 18S of the ribosomal RNA gene (*18S rRNA*) has been the most common target used for molecular diagnosis of malaria \[[@CR16]--[@CR20]\]. As this gene is present in few copies (5 to 8) in the genome of *Plasmodium* parasites \[[@CR21]\], low sensitivity and reproducibility of standard PCR protocols based on *18S rRNA* gene amplification have been described \[[@CR22], [@CR23]\]. In the last decade, the genomic data mining of *Plasmodium* parasites has allowed the discovery of new species-specific multi-copy targets which show potential for molecular diagnosis of *P. vivax* and *P. falciparum* malaria \[[@CR24]--[@CR26]\]. Among the promising targets include the non-coding subtelomeric repeat sequences Pvr47 and Pfr364 that are present in 14 and 41 copies in the genomes of *P. vivax* and *P. falciparum*, respectively \[[@CR24]\]. While there is evidence for their location and distribution, the biological functions of Pvr47 and Pfr364 remains to be established. By using a single-step PCR assay to amplify Pvr47/Pfr364 targets, it was possible to demonstrate the relatively higher sensitivity of these targets as compared to the amplification of *18S rRNA* gene by the conventional nested-PCR assay \[[@CR24]\].

Since most malaria PCR-based protocols still relies on amplification of *18S rRNA* gene, which has low sensitivity to detect low-density infections, we evaluated here how useful Pvr47/Pfr364 targets are to detect single and mixed *P. vivax* and *P. falciparum* infections in clinical and subclinical malaria. As the original PCR protocol to amplify Pvr47/Pfr364 involved DNA visualization on gel electrophoresis \[[@CR24]\], here a new qPCR protocol targeting these high-copy non-ribosomal sequences was established. The experimental approach evaluated whether amplification of different plasmodial targets (Pvr47/Pfr364 and *18S rRNA* gene) could increase the chances of detecting submicroscopic malaria infections. For that, field samples (clinical and subclinical malaria) were amplified by four different PCR assays, two of them targeting Pvr47/Pfr364 sequences \[[@CR24]\] and two targeting the *18S rRNA* gene \[[@CR16], [@CR17]\].

Methods {#Sec2}
=======

Study population and participants {#Sec3}
---------------------------------

Ethical and methodological aspects of this study were approved by the Ethical Committee of Research on Human Beings from the René Rachou Institute/Oswaldo Cruz Foundation (protocols No 24/2008, and No 1.821.955/2016), according to the Brazilian National Council of Health (Resolutions 196/96 and 466/12). All participants were informed about the objectives and procedures of the study, with voluntary participation through written informed consent.

### Clinical malaria {#Sec4}

This group included individuals with clinical suspicion of malaria who sought care at Brazilian malaria reference healthcare facilities located in both endemic (States of Rondônia and Mato Grosso) and non-endemic areas (Minas Gerais). After short-trips to malaria transmission areas, these individuals presented symptoms suggestive of uncomplicated malaria infection, such as fever, myalgia, chills, and headaches. Non-inclusion criteria included: (i) refusal or inability to sign the informed consent; (ii) age below 5 years-old; (iii) pregnant women; and (iv) any other co-morbidity that could be traced. One-hundred-and-ten patients were enrolled in the study, which gives 90% statistical power at 5% significance level assuming 30% of prevalence by light microscopy and an estimative of 50% increase by molecular assays; the majority of study population were adults, with a median age of 40 years (IQR 30.75--48.25), and a proportion female:male of 1:5. For each individual, blood sample was collected at a single time point by venipuncture or finger prick. The period of blood collection varied from 2008 to 2017, and since there, all samples from participants have been maintained in the biorepository of malaria research group at FIOCRUZ-MINAS (Belo Horizonte, MG), Brazilian Ministry of Health, according to the local legislation.

### Subclinical malaria {#Sec5}

This group included malaria-exposed individuals who had participated of cross-sectional surveys carried-out between 2008 and 2015 in a rural community of the Brazilian Amazon rainforest, Rio Pardo (1°46′S---1°54′S, 60°22′W---60°10′W), Presidente Figueiredo municipality, State of Amazonas. The study site and malaria transmission patterns have been described in details elsewhere \[[@CR27]--[@CR29]\]. In this area, malaria transmission is considered hypo to mesoendemic, and the majority of residents were natives from the Amazon region \[[@CR27]\]. For the current study, the non-inclusion criteria were: (i) refusal or inability to sign the informed consent; (ii) any signs and/or symptoms that could be related to symptomatic malaria such as fever, myalgia, chills, and headaches; the absence of symptoms was self-reported and obtained during a personal interview conducted through structured questionnaire, as previously described \[[@CR27]\]; (iii) age below 5 years-old, as subclinical malaria infection is not prevalent in Amazon children \[[@CR30]\]; (iv) pregnant women; and (v) any other morbidity that could be traced. This group was composed by 324 participants; considering 7% of prevalence by light microscopy \[[@CR27]\] and assuming that in an area of greater chance of *P. vivax* infection molecular assays is expected to increase malaria prevalence by a factor of 2 \[[@CR11]\], sample size will give more than 90% of statistical power at 5% significance level. The median age of studied individuals were 40 years (IQR 24--56), with female:male ratio of 1:1.5, and an average of 35 years (IQR 21--52) living in the endemic area. For each individual, blood sample was collected at a single time-point by venipuncture or finger prick. As in the study area the number of malaria cases fluctuated during the last 8 years, reflecting periods of high and low malaria transmission \[[@CR31]\], samples covered the temporal-variation in the profile of malaria transmission; thus, the blood samples were collected from November 2008 to June 2015, and all biological specimens have been maintained in the biorepository of malaria research group at FIOCRUZ-MINAS (Belo Horizonte, MG), Brazilian Ministry of Health, according to the local legislation.

Conventional light microscopy {#Sec6}
-----------------------------

At the time of blood collection, all individuals (clinical and subclinical groups) were submitted to a finger-prick for malaria diagnosis by light microscopy. The Giemsa-stained thick blood smears were prepared and examined by experienced local microscopists, according to the malaria diagnosis guidelines of the Brazilian Ministry of Health \[[@CR32]\]. Parasite density was estimated as the number of parasites per microlitre of blood (parasites/µL), and all microscopically positive cases were treated immediately in local health services, following the national malaria treatment protocols recommended by the Brazilian Ministry of Health \[[@CR33]\].

Extraction of genomic DNA {#Sec7}
-------------------------

The experimental approach to the molecular detection of clinical and subclinical malaria infections was included in Fig. [1](#Fig1){ref-type="fig"}. Genomic DNA (gDNA) was extracted from either whole blood samples collected in EDTA, or from dried blood spots on filter paper using the Gentra Puregene Blood Kit (Qiagen) and the QIAamp DNA Mini Kit (Qiagen), respectively, according to manufacturer's instructions. As an internal control of the DNA extractions, 10% of the samples extracted were randomly submitted to a PCR assay for the amplification of a human gene (ABO blood group), according to the protocol previously described \[[@CR34]\]. All samples tested amplified the target gene. The extracted DNA was stored at − 20 °C until use.Fig. 1Methodological strategy for field evaluation of PCR-based protocols. Regardless the results obtained by light microscopy, blood-derived DNA samples from clinical (n = 110) and subclinical (n = 324) malaria suspects were submitted to species-specific PCR based-protocols targeting ribosomal (*18S rRNA* gene) and non-ribosomal *Plasmodium* sequences. The *18S rRNA*-based protocols included a Nested-PCR assay adapted from the original protocol (16) with modifications (22), and a real-time PCR assay (*R*-*qPCR*) as previously described (17). The non-ribosomal (NR) amplification of *P. vivax* (Pvr47) and *P. falciparum* (Pfr364) involved a previously described single step conventional PCR assay (*NR*-*cPCR*) (24), and a real-time PCR protocol (*NR*-*qPCR*) whose primers and cycling conditions were described in "[Methods](#Sec2){ref-type="sec"}"

Panel of *Plasmodium* reference samples {#Sec8}
---------------------------------------

The following parasites were used as reference in molecular assays: (i) *P. falciparum* (3D7 strain) from in vitro continuous blood-stage cultures maintained in the routine of the laboratory, according to protocol previously described \[[@CR35]\]; (ii) *P. vivax, P. falciparum* and *Plasmodium malariae* from peripheral blood of malaria infected individuals whose species-specific diagnosis was confirmed by PCR protocols (Malaria Biorepository, FIOCRUZ-Minas, MG, Brazil); (iii) *Plasmodium brasilianum*/*P. malariae* (Peruvian III strain, MR4-349) kindly provided by the Malaria Research and Reference Reagent Resource Center, MR4 (Biodefense and Emerging Infections Research Resources Repository, BEI Resources, NIAID/NIH, ATCC, USA).

End-point *Plasmodium* DNA titrations of single and mixed *Plasmodium vivax* and *Plasmodium falciparum* infections {#Sec9}
-------------------------------------------------------------------------------------------------------------------

DNA samples from high-density *P. vivax* (12,900 parasites/µL) and *P. falciparum* (13,400 parasites/µL) infections were used to determine the end-point detection for ribosomal and non-ribosomal PCR assays. For each plasmodial DNA, three-fold dilutions were prepared range from 2000 to 0.3 parasites/µL. Similarly, artificial mixed malaria infections were produced by mixed DNA samples from *P. vivax* and *P. falciparum* in different proportions (1:1 until 1:2000; threefold dilutions). Each sample was assayed in triplicate and submitted to all PCR protocols (Fig. [1](#Fig1){ref-type="fig"}).

Primers design and real-time PCR conditions to amplify the non-ribosomal Pvr47/Pfr364 targets (NR-qPCR) {#Sec10}
-------------------------------------------------------------------------------------------------------

Primers and MGB (minor groove binder) probes were designed for Pvr47 and Pfr364 targets using Primer-Blast (NCBI) and OLIGO (version 4.0, 1999) softwares, considering conserved regions in each species alignments. The alignments were based on the sequences previously described \[[@CR24]\], composed of 14 copies of Pvr47 (*P. vivax* Sal-I strain) and 41 copies of Pfr364 (subfamilies 1 and 2 of *P. falciparum* 3D7 strain). The set of oligonucleotides obtained for Pvr47 was 5′TCCGCAGCTCACAAATGTTC3′ (*forward*), 5′ACATGGGGATTCTAAGCCAATTTA3′ (*reverse*), and 5′HEX-TCCGCGAGGGCTGCAA3′ (probe), which binds respectively to positions 142--161, 245--222 and 189--204 of *P. vivax* Sal-I (GenBank accession number AAKM01000578), resulting in a 104 bp amplicon. For Pfr364, the set used was 5′ACTCGCAATAACGCTGCAT3′ (*forward*), 5′TTCCCTGCCCAAAAACGG3′ (*reverse*), and 5′FAM-GGTGCCGGGGGTTTCTACGC3′ (probe), which binds respectively to positions 313--331, 400--383 and 335--354 of *P. falciparum* 3D7 (*Pf3D7_04_12625_14152*, in \[[@CR24]\]), resulting in an 88 bp amplicon. All NR-qPCR reactions were performed in 10 μL volumes containing 2 μL of DNA (\~ 3 to 6 μL of whole blood) and 5 μL of TaqMan Universal PCR Master Mix (Thermo Fisher Scientific). For Pvr47 amplification was used 50 nM of forward primer, 900 nM of reverse primer, and 250 nM of probe; for Pfr364, 900 nM of forward primer, 300 nM of reverse primer, and 150 nM of probe were used. The PCR assays were performed using the automatic thermocycler ViiA7 Real-Time PCR System (Thermo Fisher Scientific) and the following cycling parameter: a pre-incubation and initial denaturation, respectively, at 50 °C for 2 min and 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 s, primers annealing at 52 °C for 1 min, and extension at 60 °C for 1 min. The fluorescence acquisition was performed at the end of each extension step. Analytical sensitivity and specificity of Pvr47 and Pfr364 NR-qPCR assays were included as an Additional file [1](#MOESM1){ref-type="media"}. Specificity was investigated using template DNA from either malaria unexposed individuals (n = 30) or other *Plasmodium* species (Additional file [2](#MOESM2){ref-type="media"}). For the limit of detection, standard curves were prepared from serial dilution of plasmid DNA carrying the Pvr47 or Pfr364 target (Additional file [3](#MOESM3){ref-type="media"}). The cycle threshold (Ct) values of 37 and 38 (*C*~*t*~≤ 37 or *C*~*t*~≤ 38) were used to define positivity to *P. vivax* and *P. falciparum*, respectively.

Amplification of Pvr47/Pfr364 targets by conventional PCR assay (NR-cPCR) {#Sec11}
-------------------------------------------------------------------------

The amplification of the targets Pvr47 (*P. vivax*) and Pfr364 (*P. falciparum*) were conducted by using primers previously described \[[@CR24]\]. Details about primers and cycling conditions were included in Additional file [4](#MOESM4){ref-type="media"}.

*18S rRNA* gene amplification by nested-PCR (Nested-PCR) and real-time PCR assay (R-qPCR) {#Sec12}
=========================================================================================

Nested-PCR assay for amplification of *18S rRNA* gene was performed as described \[[@CR22]\], using genus and species-specific primers previously described \[[@CR16]\]. The real-time PCR (R-qPCR) method uses a single pair of genus-specific primers for the detection of the *18S rRNA* gene, with two internal species-specific hydrolysis probes for *P. falciparum* and *P. vivax* \[[@CR17]\]. Primers and cycling conditions for *18SrRNA* gene amplification (Nested-PCR and R-qPCR) were included as Additional file [4](#MOESM4){ref-type="media"}.

Statistical analysis {#Sec13}
--------------------

Differences in proportions were evaluated using the Chi square (χ^2^) test or Fisher's exact test, as appropriate. The Probit Regression analysis was used to define the limit of detection (LOD) of NR-qPCR assay, with different input concentrations of plasmid DNA used to calculate the predicted proportion of positive results (MedCalc Statistical Software program, Ostend, Belgium). Heat map of malaria prevalence was constructed using the heatmap.2 function available in the R package gplots. The assessment of sensitivity and specificity of PCR assays was determined as described \[[@CR23]\], with the reference standard established by combining the detection of any PCR assay excluding the protocol under evaluation. The analyses of sensitivity and specificity were performed in the *GraphPad InStat*, version 3.0 (GraphPad Software, San Diego, CA, USA). The significance at the 5% level was considered to all analysis.

Results {#Sec14}
=======

Limit of detection of Pvr47 and Pfr364 NR-qPCR {#Sec15}
----------------------------------------------

To determine the LOD of NR-qPCR protocols, standard curves were constructed for each DNA plasmid carrying the target gene (Pvr47 or Pfr364) through serial dilution ranging from 20,000 to 0.05 copies/μL (Additional file [3](#MOESM3){ref-type="media"}). By using probit regression analysis was possible to demonstrate that NR-qPCR developed here presented a 95% probability of detecting levels as low as 0.66 copies/µL for *P. vivax* (Additional file [5](#MOESM5){ref-type="media"}A) and 3.27 copies/µL for *P. falciparum* (Additional file [5](#MOESM5){ref-type="media"}B). No amplification was observed by using template DNA from either malaria unexposed individuals or other *Plasmodium* species (data not shown, Additional file [2](#MOESM2){ref-type="media"}).

Ribosomal and non-ribosomal detection of monoinfections caused by either *P. vivax* or *P. falciparum* {#Sec16}
------------------------------------------------------------------------------------------------------

The ability of different targets (*18S rRNA* vs. Pvr47/Pfr364) to detect *P. vivax* and *P. falciparum* monoinfections at low parasite densities was investigated through serial dilutions of field samples containing known amounts of either *P. vivax* or *P. falciparum* gDNA. In case of *P. vivax* monoinfection, no significant difference was observed between parasite targets amplified by PCR (Table [1](#Tab1){ref-type="table"}). Despite of that, the NR-qPCR was the only protocol able to consistently detect the lowest levels of parasite densities (all replicates amplified until 1 parasite/µL). Variability between PCRs assays using the same target resulted in a difference in positivity between conventional and real-time PCR assays targeting Pvr47 (67% vs. 96% for NR-cPCR and NR-qPCR, respectively). Considering *P. falciparum* titration (Table [2](#Tab2){ref-type="table"}), regardless the PCR assay, the amplification of Pfr364 sequence was more precise than *18S rRNA* gene (80% vs. 59%, *p *= 0.0359, Fisher's exact test). While the amplification of Pfr364 by NR-qPCR was reproducible until 3 parasites/μL, the amplification of *18S rRNA* was inconsistent, alternating between positive and negative results at similar levels of parasite density (both nested-PCR and R-qPCR).Table 1Titration of *P. vivax* single infection by PCR assays targeting ribosomal (*18S rRNA*) and non-ribosomal (Pvr47) species-specific sequences*P. vivax* monoinfection (12,900 parasites/µL)^c^Parasite density (µL)^d^18S rRNAPvr47Nested-PCRR-qPCRNR-cPCRNR-qPCR20003/3 (100%)3/3 (100%)3/3 (100%)3/3 (100%)6703/3 (100%)3/3 (100%)3/3 (100%)3/3 (100%)2203/3 (100%)3/3 (100%)3/3 (100%)3/3 (100%)743/3 (100%)3/3 (100%)3/3 (100%)3/3 (100%)253/3 (100%)3/3 (100%)3/3 (100%)3/3 (100%)83/3 (100%)3/3 (100%)3/3 (100%)3/3 (100%)33/3 (100%)3/3 (100%)0/3 (0%)3/3 (100%)11/3 (33%)2/3 (67%)0/3 (0%)3/3 (100%)0.30/3 (0%)2/3 (67%)0/3 (0%)2/3 (67%)PCR positivity22/27 (81%)^a,b^25/27 (93%)^b^18/27 (67%)^a^26/27 (96%)^b^Target positivity47/54 (87%)^a′^44/54 (81%)^a′^*P. vivax* blood-derived DNA template was serial diluted (2000 to 0.3 parasites/µL) and submitted to each PCR protocol in triplicate. The results were expressed as the number of positive samples in relation to the total of replicates (percentage of positive). PCR assays were defined as described in legend of Fig. [1](#Fig1){ref-type="fig"}Different letters (a,b) indicate differences between proportions (*p *\< 0.05, Fisher's Exact Test)No difference was observed between proportions of targets positivity (a′)^c^Determined by Light Microscopy^d^Parasite density (µL of blood) was estimated according to the fold-dilution Table 2Titration of *P. falciparum* single infection by PCR assays targeting ribosomal (*18S rRNA*) and non-ribosomal (Pfr364) species-specific sequences*P. falciparum* monoinfection (13,400 parasites/µL)^c^Parasite density (µL)^d^18S rRNAPfr364Nested-PCRR-qPCRNR-cPCRNR-qPCR20003/3 (100%)3/3 (100%)3/3 (100%)3/3 (100%)6703/3 (100%)3/3 (100%)3/3 (100%)3/3 (100%)2203/3 (100%)3/3 (100%)3/3 (100%)3/3 (100%)743/3 (100%)3/3 (100%)3/3 (100%)3/3 (100%)252/3 (67%)2/3 (67%)3/3 (100%)3/3 (100%)81/3 (33%)1/3 (33%)3/3 (100%)3/3 (100%)31/3 (33%)1/3 (33%)2/3 (67%)3/3 (100%)10/3 (0%)0/3 (0%)1/3 (33%)0/3 (0%)0.30/3 (0%)0/3 (0%)0/3 (0%)1/3 (33%)PCR positivity16/27 (59%)^a^16/27 (59%)^a^21/27 (78%)^a^22/27 (81%)^a^Target positivity32/54 (59%)^a′^43/54 (80%)^b′^*P. falciparum* blood-derived DNA template was serial diluted (2000 to 0.3 parasites/µL) and submitted to each PCR protocol in triplicate. The results were expressed as the number of positive samples in relation to the total of replicates (percentage of positive)Different letters (a, a′, b′) indicate differences between proportions (*p *\< 0.05, Fisher's Exact Test). PCR assays were defined as described in legend of Fig. [1](#Fig1){ref-type="fig"}^c^Determined by light microscopy^d^Parasite density (µL of blood) was estimated according to the fold-dilution

Ribosomal and non-ribosomal detection of artificial mixed *P. vivax* and *P. falciparum* infections {#Sec17}
---------------------------------------------------------------------------------------------------

Next, the ability of ribosomal and non-ribosomal targets to amplify artificial mixed malaria infections was evaluated. By fixing the amount of *P. vivax* DNA (1433 parasites/μL) and varying the amount of *P. falciparum* (1489 to 0.7 parasites/μL), it was possible to demonstrate that the protocols based on non-ribosomal targets were much more precise to identify both parasite species, even when *P. falciparum* was present at very low densities (Table [3](#Tab3){ref-type="table"}). Taken together, non-ribosomal protocols identified 85% (41 out of 48) artificial mixed infections, while ribosomal protocols identified only 31% (15 out of 48). By comparing the variation intra-target, the amplification of *18S rRNA* gene by R-qPCR demonstrated a trend to amplify *P. vivax* in detriment of *P. falciparum*, even when *P. falciparum* DNA was present at relatively high concentrations (Table [3](#Tab3){ref-type="table"}). By fixing the concentration of *P. falciparum* (1489 parasites/μL) and varying *P. vivax* densities (1433 to 0.7 parasites/μL), a good performance of both targets was observed until 6 parasites/μL (Table [4](#Tab4){ref-type="table"}). Although there was no significant difference between the amplification of ribosomal and non-ribosomal targets (69% vs. 83%), the NR-qPCR protocol developed here seems to present a better performance as compared to *18S rRNA* amplification, detecting almost all replicates in all *P. vivax/P. falciparum* dilution points. In fact, NR-qPCR was the only PCR assay able to consistently detect mixed infection when one of the species was present in a ratio of about 700-fold lower than the other species (1489 vs. 2 parasites/μL to all replicates) (Table [4](#Tab4){ref-type="table"}).Table 3Titration of *P. falciparum* in artificial mixed infections by PCR assays targeting ribosomal (*18S rRNA*) and non-ribosomal (Pvr47/Pfr364) species-specific sequencesParasite density (per µl of blood)18S rRNAPvr47/Pfr364 (NR targets)Nested-PCRR-qPCRNR-cPCRNR-qPCRPvPf\#1\#2\#3\#1\#2\#3\#1\#2\#3\#1\#2\#314331489Pv + PfPv + PfPv + PfPv + PfPvPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf496Pv + PfPv + PfPv + PfPvPvPvPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf165Pv + PfPv + PfPv + PfPvPvPvPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf55PvPv + PfPv + PfPvPvPvPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf18Pv + PfPvPv + PfPvPvPvPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf6PvPvPvPvPvPvPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf2PvPvPvPvPvPvPvPvPvPvPv + PfPv + Pf0.7PvPvPvPvPvPvPv + PfPvPvPv + PfPv + PfPvPCR positivity13/24 (54%)^b^2/24 (8%)^a^19/24 (79%)^b,c^22/24 (92%)^c^Target positivity15/48 (31%)^a′^41/48 (85%)^b′^Artificial mixtures containing *P. vivax* (*Pv*) and *P. falciparum* (*Pf*) in different proportions were prepared from well-characterized field samples, as described in Methods. The results are expressed as positive to *P. vivax* and *P. falciparum* (*Pv *+ *Pf*)*, P. vivax* (*Pv*) or *P. falciparum* (*Pf*). For each PCR assay, dilution points were assayed in triplicate (\#1 to \#3)Different letters (a--c or a^′^, b^′^) indicate significant differences between proportions (*p *\< 0.05, Fisher's Exact Test) Table 4Titration of *P. vivax* in artificial mixed infections by PCR assays targeting ribosomal (*18S rRNA*) and non-ribosomal (Pvr47/Pfr364) species-specific sequencesParasite density (per µl of blood)18S rRNAPvr47/Pfr364 (NR targets)Nested-PCRR-qPCRNR-cPCRNR-qPCRPfPv\#1\#2\#3\#1\#2\#3\#1\#2\#3\#1\#2\#314891433Pv + PfPv + PfPv + PfPvPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf478Pv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf159Pv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf53Pv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf18PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + PfPv + Pf6Pv + PfPv + PfPv + PfPv + PfPfPfPv + PfPv + PfPfPv + PfPv + PfPv + Pf2PfPfPfPfPfPfPfPfPfPv + PfPv + PfPv + Pf0.7Pv + PfPfPfPfPfPfPfPfPfPv + PfPfPv + PfPCR positivity18/24 (75%)^a,b^15/24 (63%)^a^17/24 (71%)^a^23/24 (96%)^b^Target positivity33/48 (69%)^a′^40/48 (83%)^a′^Artificial mixtures containing *P. vivax* (Pv) and *P. falciparum* (Pf) in different proportions were prepared from well-characterized field samples, as described in Methods. The results are expressed as positive to *P. vivax* and *P. falciparum* (*Pv *+ *Pf*)*, P. vivax* (*Pv*) *or P. falciparum* (*Pf*). For each PCR assay, dilution points were assayed in triplicate (\#1 to \#3)Different letters (a, b) indicate differences between proportions (*p *\< 0.05, by Fisher's exact test)No difference was observed between proportions of targets positivity (a′)

Field evaluation of ribosomal and non-ribosomal PCR targets in clinical and subclinical malaria infections {#Sec18}
----------------------------------------------------------------------------------------------------------

Initially, the potential use of both ribosomal and non-ribosomal PCR targets for application in malaria field studies involved samples from 110 symptomatic individuals whose light microscopy (LM) confirmed 35 (32%) malaria infections (Fig. [2](#Fig2){ref-type="fig"}). As compared with LM, *18S rRNA* gene PCR-based assays (nested-PCR and/or R-qPCR) identified a similar proportion of malaria infections (35%, n = 39) (Fig. [2](#Fig2){ref-type="fig"}a); of interest, the majority of positive samples were amplified by both *18S rRNA* protocols. Basically, the same proportion of positives was obtained with the non-ribosomal protocols (NR-cPCR and/or NR-qPCR). In addition, the use of different PCR targets (ribosomal and non-ribosomal) did not increase malaria positivity (Fig. [2](#Fig2){ref-type="fig"}a, the right-side bar chart, in lilac; *p *= 1.0 for ribosomal vs. both PCR-targets and *p *= 0.89 for non-ribosomal vs. both targets). To confirm that an association of ribosomal and non-ribosomal targets did not increase sensitivity to detect submicroscopic malaria infections, the values of sensitivity and specificity were determined for molecular PCR-assays. In accordance, the performance of each PCR assay was similar with almost no detection of false positives or negatives (Table [5](#Tab5){ref-type="table"}). *Plasmodium* species-specific identification (Fig. [2](#Fig2){ref-type="fig"}b) showed the same pattern of positivity, with no significant difference obtained between methods (LM vs. PCR based-protocols) or target amplified (ribosomal vs. non-ribosomal). In this symptomatic malaria patients, *P. vivax* and *P. falciparum* were found in similar proportions. Despite of that, a couple of mixed-infections (5 out of 6) identified by LM (Fig. [2](#Fig2){ref-type="fig"}b, first panel) could not be confirmed by any PCR-based assay.Fig. 2Malaria prevalence among clinical malaria suspects (n = 110) as detected by light microscopy (LM) or PCR-based protocols targeting ribosomal (*18S rRNA*) and non-ribosomal (NR) sequences of *P. vivax*/*P. falciparum.* The results were expressed as (**a**) frequency of positives according to the amplified parasite target region (*18S rRNA* and/or NR targets) or PCR assay (Nested-PCR vs. R-qPCR or NR-cPCR vs. NR-qPCR); p \> 0.05 for all comparisons realized (Chi square test); (**b**) Heat map representation of species-specific positivity as detected by each PCR assay: blue---negative; red---*P. vivax*; yellow---*P. falciparum*; and orange---mixed *P. vivax/P. falciparum* infection. Each column represents an assay and subjects were represented in rows Table 5Assessment of sensitivity and specificity for molecular PCR-assays in clinical (n = 110) and subclinical (n = 324) malaria suspectsStudy population/molecular protocolTrue positiveFalse positive^a^True negativeFalse negativeSensitivity (CI 95%)Specificity (CI 95%)Clinical malaria suspects Nested-PCR36070490% (0.76--0.97)100% (0.95--1.0) R-qPCR37170295% (0.83--0.99)99% (0.92--1.0) NR-cPCR34070685% (0.70--0.94)100% (0.95--1.0) NR-qPCR36170392% (0.79--0.98)99% (0.92--1.0)Subclinical malaria suspects Nested-PCR1612327518% (0.10--0.27)100% (0.98--1.0) R-qPCR6722322374% (0.64--0.83)99% (0.97--1.0) NR-cPCR4202325046% (0.35--0.56)100% (0.98--1.0) NR-qPCR7217232396% (0.89--0.99)93% (0.89--0.96)Sensitivity and specificity was determined as previously described (23). The reference standard (true positive) for each protocol was calculated by combining the detections by any PCR, excluding the protocol under evaluation^a^False positive in a sense that no other molecular protocol detected these infections

Screening for subclinical malaria infections among individuals from cross-sectional surveys identified a positivity of 7% (21 out of 324) by LM (Fig. [3](#Fig3){ref-type="fig"}A). In this population, molecular diagnosis of malaria increased three to four times the detection of subclinical malaria carries. However, the amplification of either *18S rRNA* gene (nested-PCR/R-qPCR) or non-ribosomal targets (NR-cPCR/NR-qPCR) detected a similar proportion of subclinical infections, being 22% (n = 72) and 27% (n = 89), respectively. As the predicted sensitivity of individual PCR assays varied significantly in this group of low-parasite densities, especially with high false negative rate for nested-PCR assay (Table [5](#Tab5){ref-type="table"}), a significant amount of submicroscopic infections was identified only by the real-time PCR assays, i.e., R-qPCR for *18S rRNA* and NR-qPCR for Pvr47/Pfr364 sequences. In addition, the majority of submicroscopic infections were identified by both ribosomal and non-ribosomal targets (Fig. [3](#Fig3){ref-type="fig"}A, the right-side bar chart, in lilac; *p *= 0.09 ribosomal vs. both PCR-targets, and *p *= 0.86 for non-ribosomal vs. both targets). Overall, while PCR protocols identified 92 (28%) subclinical infections, only 21 (7%) were identified by LM (*p *\< 0.0001, Fig. [3](#Fig3){ref-type="fig"}), indicating that 71 out of 92 (77%) infections were missed by the routine LM. Species-specific identification demonstrated a high proportion of *P. vivax* as compared with *P. falciparum* and mixed infections (Fig. [3](#Fig3){ref-type="fig"}B), and confirmed differences in the sensitivity between protocols. Although real-time PCR assays (R-qPCR and NR-qPCR) presented a better performance than conventional PCR assays (NRc-PCR and Nested-PCR), the results confirmed the gains achieved by using NR-qPCR to detect subclinical malaria infection (Fig. [3](#Fig3){ref-type="fig"}B). According, considering only the submicroscopic infections identified by any PCR-based assay (73 out of 92), Venn diagram demonstrated a high proportion of infections (18%, 13 out of 73) identified only by the NR-qPCR (Fig. [4](#Fig4){ref-type="fig"}). In terms of amplified target region, 96% (n = 70) of submicroscopic infections were detected by non-ribosomal sequences, while 78% (n = 57) were detected by ribosomal target (*p *= 0.0024, Fisher's exact test).Fig. 3Malaria prevalence among subclinical malaria suspects (n = 324) as detected by Light Microscopy (LM) or PCR-based protocols targeting ribosomal (*18S rRNA*) and non-ribosomal (NR) sequences of *P. vivax* and *P. falciparum*. The results were expressed as (**A**) frequency of positives according to the amplified parasite target region (18SrRNA and/or NR targets) or PCR assay (nested-PCR vs. R-qPCR or NR-cPCR vs. NR-qPCR); Different letters (a, b) indicate differences between proportions (*p *\< 0.05, Fisher's exact approach for post hoc analysis of a Chi squared test); (**B**) Heat map representation of species-specific positivity as detected by each PCR protocols: blue---negative; red---*P. vivax*; yellow---*P. falciparum*; and orange---mixed *P. vivax*/*P. falciparum* infection. Each column represents an assay and subjects were represented in rows Fig. 4Venn diagram of submicroscopic malaria infections (n = 73) identified by each PCR-based assay targeting ribosomal (Nested-PCR and R-qPCR) and non-ribosomal (NR-cPCR and NR-qPCR). The results are shown as number of positive (%)

Discussion {#Sec19}
==========

Although major advances have been reached for the molecular detection of malaria parasites \[[@CR25], [@CR26], [@CR36], [@CR37]\], most sensitive PCR-based assays require high-volume of venous blood and complex sample processing \[[@CR8], [@CR23], [@CR38], [@CR39]\], being not feasible in the context of malaria routine surveillance. The current study involved investigate the hypothesis that the amplification of both ribosomal and non-ribosomal multi-copy PCR targets could increase the chances of detecting low parasite density and mixed *P. falciparum* and *P. vivax* infection. For that, a non-ribosomal (NR) qPCR targeting the multi-copy Pvr47/Pfr364 sequences was developed and this new protocol was compared with the original non-ribosomal gel-stained PCR-based protocol \[[@CR24]\] as well as with two species-specific PCR assays based on the *18S rRNA* gene amplification.

The end-point titration assays of field samples revealed that the NR-qPCR protocol was able to accurately detect both *P. vivax* and *P. falciparum* infections---in single and artificial mixed infections---producing reproducible results at the lowest parasite densities (1--3 parasites/µL). Although there was considerable variation between PCR protocols assayed, the non-ribosomal protocols (NR-cPCR and NR-qPCR) were more accurate than ribosomal (nested-PCR and R-qPCR) to detect mixed-species infections. Of interest, only NR-qPCR assay developed here were able to detect *P. falciparum* when this species was present in a proportion of 240-fold lower than *P. vivax*. As the sensitivity of any PCR protocol depends largely on the molecular target used \[[@CR40]\], the high copy number of Pfr364 (around 20 copies of "subfamily 1" targeted by specific primers) probably facilitated the detection of low levels of *P. falciparum* in co-infections as compared to *18S rRNA* (around 5--8 copies). Although different multi-copy targets have been described as sensitive for molecular diagnosis of malaria \[[@CR23], [@CR25], [@CR36]\], those studies did not investigate the reliability of these targets in mixed-malaria infections, which precludes any potential comparison with results described here. In addition, most of the studies have been carried-out in endemic areas, such as Papua New Guinea, that currently does not represent an unstable and low-transmission endemic area \[[@CR23]\]. More work needs to be done in this field of investigation. An apparent inability of *18S rRNA* qPCR to detect low *P. falciparum* densities in situation where *P. vivax* was present in much higher densities was observed. The use of a single pair of primers to detect both species may have been a determinant factor in causing failure of R-qPCR to identify mixed infections. A similar phenomenon of primer competition was described in the original protocol \[[@CR17]\], straightening that species-specific primers should be used in field studies in which malaria co-infection is expected to be relevant.

In clinical malaria suspects, the overall prevalence for *P. vivax* and *P. falciparum* detected by amplification of non-ribosomal Pvr47/Pfr364 targets was not significantly different than that of either conventional microscopy or *18S rRNA* gene amplification. The predicted sensitivity and specificity of each PCR protocol assayed here were also similar, and it was independent of the parasite target. Although the clinical sample size limited the statistical power to detect small differences between protocols, these results were not completely unexpected as symptomatic patients usually present high parasite densities in the peripheral blood; consequently, it may facilitate the confirmation of malaria infection by less sensitive protocols such as microscopy and rapid diagnostic tests (RDTs) \[[@CR41]\]. These findings reinforce that submicroscopic malaria infections are not prevalent among symptomatic patients, and LM and RDTs are adequate tools for case management \[[@CR10], [@CR42]\]. Nevertheless, the limited sensitivity of microscopy in correct identification of mixed-species malaria should be considered in areas where more than one *Plasmodium* species is circulating \[[@CR43], [@CR44]\], a result that was confirmed here.

While low frequencies of submicroscopic infections were observed in the group of clinical malaria cases (3--5%), screening for malaria in cross-sectional surveys demonstrated a large proportion (\> 70%) of malaria cases in the study area that was not detected by conventional microscopy. The majority of subclinical infections were caused by *P. vivax,* the commonest malaria parasite in the Amazon basin, and frequently associated with low-density infections \[[@CR27], [@CR28], [@CR45]--[@CR47]\]. These findings are in accordance with recent reports showing high proportions of submicroscopic *P. vivax* infections across different endemic settings, particularly areas with relatively low transmission intensity \[[@CR10]--[@CR12], [@CR26]\]. Although the reason for this high rate of asymptomatic *P. vivax* infections is unknown, it is probably associated with the unique biology of *P. vivax* that includes a fast acquisition of clinical immunity as compared with *P. falciparum* \[[@CR47]\]. It is particularly relevant because in different epidemiological settings there are perspectives on treating asymptomatic infections for malaria elimination \[[@CR48]\]. In the study area, the results demonstrated that, in general, multiple molecular targets (i.e., ribosomal plus non-ribosomal) did not increase sensitivity to detect subclinical malaria infections. Despite of that, the NR-qPCR developed here was the most sensitive protocol to detect submicroscopic asymptomatic malaria infections, which resulted in a significantly higher prevalence of submicroscopic infections (70 out of 73, 96%) when compared to that detected by ribosomal PCR assays (57 out of 73, 78%). While more sensitive amplification of *18S rRNA* gene has been described \[[@CR39], [@CR49]\], the likelihood of amplify *18S rRNA* gene was dependent on (i) large blood volume (2 mL); (ii) careful removal of plasma and buffy coat as prerequisite to avoid interference during PCR processing; (iii) concentration of purified DNA dehydrated in a centrifugal vacuum concentrator; additionally, these "high-volume" *18S rRNA* PCR strategy did not allow the detection by species (only *Plasmodium* spp.) \[[@CR39]\].

The apparent ability of Pvr47/Pfr364 NR-qPCR to increase sensitivity to investigate the true prevalence of malaria infection is relevant as an unexpectedly large reservoir of infections may hinder control and elimination of malaria in the Americas \[[@CR3], [@CR50]\]. These findings are critical as both subclinical and submicroscopic malaria carriers remain untreated in the Brazilian Amazon region and therefore might remain infective over long periods of time \[[@CR12]\]. As parasite densities cannot be assumed as a static parameter and thus may fluctuate over time falling below the detection threshold of the assay \[[@CR51]\], future studies should approach longitudinal PCR-malaria surveys. Although the NR-qPCR developed here may constitute powerful additive tools to identify endemic sites where relevant control measures have to be settled and monitored \[[@CR52]\], the costs of PCR-based assays limited such type of study. In general, nucleic acid amplification tests (NAATs) require expensive equipment available, well-equipped laboratories, qualified personnel, and large quantities of disposable supplies that need to be frozen or refrigerated, which is sometimes difficult in the country \[[@CR41], [@CR53]\]. Currently, WHO recommends that the use of NAATs be considered only for epidemiological research or surveys mapping submicroscopic infections in low transmission areas \[[@CR54]\]. Innovative and cost-effective strategies that identify the real burden of malaria infections (those detected by qPCR) are required to reach malaria elimination goals, but remain a challenge \[[@CR48]\].

Assuming that the NR-qPCR developed here seems to be the most sensitive method---as it was positive in a number of samples not detected by other PCR protocols---the results suggested that NR-qPCR has a lower detection threshold. Despite of that, it is important to clarify the technical limitations that apply for the definition of "reference standard" for PCR-detection of submicroscopic malaria infections. In general, the estimative of test accuracy are based on the assumptions that the reference standard is 100% sensitive and that specific disagreements between the reference standard and the diagnostic test being evaluated (index test) result from incorrect classification by the index test \[[@CR55]\]. However, this statement cannot be applied for the detection of low-density malaria infections because there is no "gold-standard". While the conventional microscopy diagnostic present high number of false negatives at low parasite density \[[@CR41]\], there is no consensus about a PCR assay able to detect all malaria infections \[[@CR25]\]. Due to these inherent limitations, the "reference standard" for each molecular diagnostic method was defined as a combination of positive detections by any PCR assay, excluding the method under evaluation, as described before \[[@CR23]\]. Consequently, "false positive" in this type of analysis is considered in the sense that no other PCR method found these infections. In this scenario, the findings unlikely represent a tendency to false positive by NR-qPCR as it was established by (i) end-point titration of well-characterized field samples, including mono and artificial mixed-infections; (ii) reproducibility of replicates at low levels of parasitaemia; (iii) no amplification with gDNA samples from malaria-free volunteers; (iv) no cross-reactivity with other *Plasmodium* species. Furthermore, considering the rules for quality assessment of diagnostic accuracy studies (QUADAS-2) \[[@CR56]\], the risk of bias of the present study was reduced as methodological design involved: (i) structured sample size calculations and random selection of malaria-exposed individuals, with explicit exclusion criteria defined in methods; (ii) in the estimative of sensitivity and/or specificity, the diagnostic test being evaluated was clearly interpreted before the reference standard was known; (iii) the execution of the PCR-based assays and the definition of reference standard were described in sufficient detail to permit replication of the test. Consequently, valuable malaria information can be retrieved from the current study.

Finally, relatively low frequencies of mixed-malaria infections were detected here, which precluded a more detailed evaluation of the potential of Pvr47/Pfr364 to detect mixed-malaria infections in the field. In the Amazon area, besides *P. vivax* being the predominant malaria parasite \[[@CR27], [@CR29]\], the progress achieved in malaria control has decreased the number of *P. falciparum* cases in recent years \[[@CR57]\]. Notwithstanding this study limitation, it is highly relevant the results from the end-point titration experiments showing the ability of Pvr47/Pfr364 to consistently detect *P. vivax/P. falciparum* co-infection, as the accurate detection of malaria mixed-infections seems to be critical for control and management of malaria \[[@CR43], [@CR44]\]. In fact, disease burden due to mixed species infections remains largely unknown, and this limitation have the potential to influence decisions on testing vaccines and new antimalarial drugs \[[@CR58]\]. As malaria has been re-emerging in areas where it was previously controlled, dealing with mixed malaria infection cannot be bypassed, as recent evidence suggest that the frequency of these infections may be much higher than previously expected \[[@CR44]\], including in the Amazon region \[[@CR59]\]. Due to the risk of *P. falciparum* reemergence from Amazonian neighboring countries with high transmission rates, a cross-border malaria study to evaluate the relevance of NR-qPCR in mixed-malaria infections are on progress.

Conclusion {#Sec20}
==========

Although the simultaneous use of ribosomal and non-ribosomal PCR-targets did not impact the molecular diagnosis of malaria, the amplification of Pfr364 and Pvr47 multi-copy targets by the NR-qPCR seems to be a valuable tool in detection of subclinical and mixed *P. vivax/P. falciparum* infections, even though one of the species was present in a ratio of hundred-times lower than the other species.
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**Additional file 1.** Analytical evaluation of NR-qPCR assay. **Additional file 2.** Amplification curves of NR-qPCR performed on field samples infected with *P. vivax* (n = 3; red), *P. falciparum* (n = 3; blue), *P. malariae* (n = 3; green), and *P. brasilianum* DNA (n = 1; orange). The amplification plots are shown for **(A)** Pvr47 and **(B)** Pfr364 assays. **Additional file 3.** Five-fold dilution of *P. vivax*-Pvr47 and *P. falciparum*-Pfr364 plasmids amplified by NR-qPCR. **Additional file 4.** Conditions of the Nested-PCR, R-qPCR, and NR-cPCR assays. The primers/probes used for *P. vivax* and *P. falciparum* targets were the original described. The products of nested-PCR and NR-cPCR were visualized by 2% agarose gel stained with ethidium bromide. **Additional file 5.** Limit of detection (LOD) for **(A)** Pvr47 and **(B)** Pfr364 targets amplified by NR-qPCR. Probit regression analysis was used on logarithmic scale using nine points of NR-qPCR standard curves (20,000 to 0.05 copies/μL). The calculated regression curves (blue lines) indicate the probability (y-axis) of obtaining positive results at any template concentration, and dashed brown lines shows 95% confidence intervals. Dashed black lines correspond to the lower DNA concentration in which 95% of positive samples were detected (0.66 copies/µL of Pvr47 and 3.27 copies/µL of Pfr364).
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